Vibrio cholerae regularly colonizes the chitinous exoskeleton of crustacean shells in the aquatic region. The type 6 secretion system (T6SS) in V. cholerae is an interbacterial killing device. This system is thought to provide a competitive advantage to V. cholerae in a polymicrobial community of the aquatic region under nutrient-poor conditions. V. cholerae chitin sensing is known to be initiated by the activation of a two-component sensor histidine kinase ChiS in the presence of GlcNAc 2 (N,N¢-diacetylchitobiose) residues generated by the action of chitinases on chitin. It is known that T6SS in V. cholerae is generally induced by chitin. However, the effect of ChiS activation on T6SS is unknown. Here, we found that ChiS inactivation resulted in impaired bacterial killing and reduced expression of T6SS genes. Active ChiS positively affected T6SS-mediated natural transformation in V. cholerae. ChiS depletion or inactivation also resulted in reduced colonization on insoluble chitin surfaces. Therefore, we have shown that V. cholerae colonization on chitinous surfaces activates ChiS, which promotes T6SS-dependent bacterial killing and horizontal gene transfer. We also highlight the importance of chitinases in T6SS upregulation.
INTRODUCTION
Vibrio cholerae is a natural inhabitant of the aquatic environment [1] . It resides on the chitinous exoskeleton of planktonic copepods and utilizes chitin, a polymer of N-acetyl glucosamine (GlcNAc), as a sole carbon source. Chitin utilization in V. cholerae is controlled by a sensor histidine kinase ChiS (VC0622), which is an inner-membrane protein [2] . ChiS is a 133 kDa sensor histidine kinase that belongs to the 'two-component system' (TCS). The other part of the TCS is a response regulator that has not yet been identified for ChiS. ChiS has a short N-terminal peptide chain in the cytoplasm, a membrane domain, a periplasmic domain, a second membrane domain and finally a long polypeptide chain extending into the cytoplasm [2] . It remains in an inactive form through a chitin oligosaccharide binding protein known as CBP, which binds to the periplasmic domain of ChiS and forms a ChiS-CBP complex. After being hydrolyzed from chitin by the action of chitinases, GlcNAc residues bind to CBP. CBP then detaches itself from ChiS [2] . Free ChiS then becomes active, which in turn activates the cytoplasmic response regulator that interacts with downstream genes. Recently, we demonstrated that ChiS plays a role in V. cholerae pathogenesis [3] .
The downstream genes of ChiS include the chb operon, which consists of a cluster of 10 contiguous genes (VC0620-VC0611) that are involved in chitin utilization [4] . The other downstream effector is an activator protein known as TfoX. ChiS provides an as yet unidentified signal that activates another sensor, TfoS, which upregulates the transcription of tfoR [5] . This TfoR, in the next step, upregulates the translation of TfoX, leading to competence induction [6, 7] . TfoX (VC1153) is one of the major regulators required for natural competence activation in the presence of GlcNAc residues [6] . TfoX, in conjunction with another regulator known as HapR, controls the expression of natural competence genes, i.e. pilA and comEA, which are required for DNA uptake and stabilization, respectively [8] [9] [10] . Another regulator CytR is also required alongside TfoX and HapR [11, 12] . The production of TfoX, in turn, is controlled by chitin. TfoX and CytR induce two extracellular chitinase genes, chiA1 and chiA2 [6, [11] [12] [13] .
TfoX activates a molecular mechanism known as the type VI secretion system (T6SS) in V. cholerae [14] . The T6SS is a molecular cell puncturing device that injects toxic factors into non-immune bacteria as well as eukaryotic cells causing cell lysis [15] [16] [17] [18] . Consequently, it induces the uptake of genetic material from lysed bacteria, leading to horizontal gene transfer [14, 19] . This system is present in many Gram-negative bacterial genomes [16, 20] . The T6SS consists of multiple components, including the transcriptional regulator, VasH. VasH promotes the production of haemolysin-coregulated protein (Hcp). The Hcp is a small 17.4 kDa protein that forms a tube-like structure. Hcp hexamers form the inner tube of T6SS and its secretion only occurs in the presence of a structural component of T6SS, i.e. VasK. T6SS structurally resembles a phage tail-like spike with cell puncturing ability [21] . The Hcp inner tube complex is connected to a phage-like base plate. This phage-like base plate, along with a membrane-spanning unit, constitutes the structural apparatus of the T6SS [22] . The inner tube is decorated on the outside with a contractile sheath structure made up of VipA and VipB proteins in V. cholerae. When the sheath contracts, the inner tube propels into neighbouring cells, delivering effector toxins inside the bacteria and leading to killing of the cells [15, 23] .
It was already known that in the aquatic environment V. cholerae ChiS is activated by (GlcNAc) 2 [2] . This (GlcNAc) 2 is also present in the chitinous sources of the aquatic environment. T6SS in V. cholerae is also induced by growth on chitinous surfaces [14] . T6SS helps V. cholerae to compete with the neighbouring bacterial community, survive under nutrient-poor conditions and utilize chitin as a nutrient source. Hence, we speculated that ChiS might be important in the upregulation of T6SS. Here, we show that ChiS is activated in the presence of chitin, as shown previously [5, 24] . The chitinases release GlcNAc residues that help in the initiation of ChiS activation, leading to chitin utilization. We found that, upon activation, ChiS positively controlled the expression of T6SS genes. We also found that ChiS is involved in T6SS-mediated bacterial killing and natural competence in V. cholerae in the presence of chitin. Therefore, activated ChiS upregulates T6SS in V. cholerae. In this context, we can also say that chitinases control T6SS through the activation of ChiS. We demonstrate the importance of V. cholerae chitinases in T6SS for the first time here.
METHODS

Bacterial strains and culture conditions
In this study, we used the streptomycin-resistant V. cholerae C6706 El Tor strain as the wild-type (WT). We constructed isogenic mutants of chiS, chiA1 and chiA2, and double mutants of both chiA1 and chiA2, and designated them as DchiS, DchiA1, DchiA2 and DchiA1DchiA2 throughout this paper. The details of each strain are listed in Table 1 . The WT and mutant strains (DchiS, DchiA1, DchiA2 and DchiA1DchiA2) were grown overnight in LB (Luria Bertini) medium (BD Difco) at 37 C with appropriate antibiotics. The bacteria were then grown in defined artificial seawater media (DASW) containing 0. Construction of genetically modified strains in V. cholerae In-frame deleted mutant strains of chiS, chiA1, chiA2 and chiA1chiA2 were generated by allelic exchange using the suicidal plasmid pCVD442 as mentioned previously [3] . Mutants were confirmed by a PCR-based method using the primers that are mentioned in the supplementary material (Table S1 , available in the online version of this article).
Recombinant DNA techniques
All DNA manipulations were performed using standard molecular biology-based methods. For the transcriptional and translational assay, we used the b-galactosidaseexpressing plasmid pTL61T. We cloned tfoX and tfoR promoter genes in this plasmid. In short, the genes were amplified from genomic DNA by PCR using the primers mentioned in the supplementary material (Table S1 ). The gene inserts were cloned into plasmid pTL61T to generate plasmid-borne fusions by using the restriction enzymes Xho1 and Xba1 (New England Biolabs) to generate the restriction sites in both the insert and the vector. DNA ligase was used (Promega) for the ligation reaction. The fusion plasmid was then transformed in all the strains of V. cholerae (Table 1) .
b-hexosaminidase activity assay b-hexosaminidase activity was estimated by a previously followed procedure [2] with p-nitrophenyl, N-acetyl-b-Dglucose (PNP-GlcNAc) (Sigma). To analyse b-hexosaminidase activity, WT V. cholerae C6706 and its deletion mutants DchiS, DchiA1, DchiA2 and DchiA1DchiA2 were grown in 0.5 % sodium lactate containing DASW media individually supplemented with 0.8 % coarse chitin or 0.6 mM GlcNAc 2 . The bacteria were diluted to 1Â10 5 c.f.u ml À1 and washed and treated with toluene at a ratio of 10 µl ml À1 of culture. The mixture was shaken vigorously and kept at RT for 20 min. Then 0.1 ml of these treated bacteria were mixed with 0.1 ml of 1 mM substrate, i.e PNPGlcNAc, in 20 mM Tris-HCl (pH 7.5) and incubated for 60 min at 37 C. Following this, 0.8 ml of 1 M Tris-base was added to stop the reaction. The reaction mixture was centrifuged to separate the cell debris and the optical density of the supernatant was measured at 400 nm. The total enzymatic activity was determined by measuring the total protein by the Lowry method and then calculated as p-nitrophenol produced per minute per mg of total protein.
Escherichia coli killing assay An E. coli killing assay was performed by modifying previously mentioned protocols [14] . Briefly, overnight cultures of all V. cholerae strains and the prey bacteria, i.e. an E. coli DH5a strain carrying the ampicillin-resistant (100 µg ml À1 ) plasmid pBR322, were grown in LB at 37 C. All of the V. cholerae strains were grown to log phase in sodium lactate-supplemented DASW medium containing either 0.8 % chitin or 0.6 mM GlcNAc 2. The prey bacteria were also grown to log phase.The prey cells were then mixed with WT and mutant strains of V. cholerae at a ratio of 1 : 10, and 30 µl of the mixture was spotted in LB agar plates and grown statically at 30 C for 5 h. E. coli prey bacteria were also spotted in LB agar plates in the absence of predator bacteria. Bacterial spots were then harvested and plated on LB agar plates containing 100 µg ml À1 ampicillin to enumerate the surviving E. coli prey cells. In the above experiment, DtfoX was used as a negative control.
T6SS-dependent natural transformation in mixed communities
To quantify T6SS-dependent natural transformation, the bacterial strains, i.e. V. cholerae and the E. coli DH5a strain carrying the ampicillin-resistant (100 µg ml
À1
) plasmid pBR322, were grown as a co-culture on sodium lactatesupplemented DASW media containing 0.8 % coarse chitin or 0.6 mM GlcNAc 2 (Sigma) [14] . The mixture was vortexed and incubated statically for 10 h at 30 C. The bacteria were detached from the chitin surfaces by rigorous vortexing. Serial dilutions were spread on LB agar plates containing either streptomycin 100 µg ml À1 (to selected predator cells, i.e. V. cholerae) or ampicillin 100 µg ml À1 and streptomycin 100 µg ml À1 (to selected transformants). The transformation frequencies were calculated by dividing the number of transformants by the total number of predator colonyforming units (c.f.u.s). Further, the transformed bacteria were also enumerated from LB agar plates containing ampicillin and streptomycin.
To confirm that the transformed colonies of V. cholerae were only due to natural transformation, V. cholerae WT strain bacteria were incubated with 10 µg ml À1 plasmid pBR322 in the presence and absence of 30 µg ml
DNAse in DASW media containing sodium lactate and supplemented with chitin or GlcNAc 2 . To show that the plasmid pBR322 is transferred by T6SS-induced natural transformation from the prey bacteria to the predator in the mixed culture medium, we also showed the effect of DNAse in a co-culture of the E. coli DH5a (prey) strain harbouring pBR322 and WT V. cholerae (predator) in DASW media containing sodium lactate and supplemented with or pTL6IT LacZ b-galactosidase reporter assay vector, Amp R . The promoters of tfoX (P tfoX ) and tfoR (P tfoR ) were cloned upstream of the reporter gene (LacZ) of the plasmid pTL6IT and then used for the reporter assay.
[40]
Resistance to Amp R , ampicillin-resistant; Str R , streptomycin-resistant; WT*, wild-type.
without chitin-based sources, i.e. chitin or GlcNAc 2 . After 10 h of static incubation, the transformed bacteria were enumerated by the plate count method after spread plating on LB agar with appropriate antibiotics. Here, we also used WT V. cholerae N16961, which is already known to be defective in chitin-induced natural transformation and T6SS, as a control strain [6, 14] . For further confirmation, the co-cultured samples were also subjected to plasmid purification, and the plasmid was digested with EcoR1 and applied to 0.8 % (w/v) agarose/Tris-acetate-EDTA (TAE) gel. The transformed plasmid was detected by subjecting the mixed culture medium samples to PCR by using primers ( Table S1 ) that amplify the 227 bp region of the plasmid, which contains the ampicillin-resistant gene.
Total RNA isolation and real-time PCR WT V. cholerae C6706 and its deletion mutants DchiS, DchiA1, DchiA2 and DchiA1DchiA2 were grown in sodium lactate-supplemented DASW media with 0.8 % coarse chitin or GlcNAc 2 (from shrimp shells; Sigma) and harvested from the mid-log phase. Bacterial pellets were washed three times with PBS and then used for RNA isolation. Total RNA was isolated using TriZol (Invitrogen) following the manufacturer's protocol. DNase treatment was performed using the DNA-free kit (Ambion) for the elimination of contaminating genomic DNA. cDNA synthesis was performed with a Reverse Transcription kit (Promega) using 1 µg of total RNA according to the manufacturer's protocol. The mRNA transcript levels were quantified by real-time PCR using 2ÂSYBR Green PCR Master Mix (Applied Biosystems) and 0.2 µM of specific real-time primers for the competence genes (tfoX, PilA and comEA) and T6SS gene cluster (vipA, vipB, vasH, vasD, vasK), which were designed using IDT and are mentioned in the supplementary material (Table S1 ). Data analysis was performed using the 7500 Real-Time PCR Detection System (Applied Biosystems). The relative expression of the target transcripts was calculated according to the Livak method [25] . RecA was used as an internal control.
Miller assays
Miller assays were used to measure the LacZ activity of the transcriptional reporter strains as previously described [26] . In short, overnight cultures of all of the strains were grown up to log phase in LB at 37 C. Next, bacteria were finally transferred to sodium lactate-supplemented DASW media containing 0.8 % coarse chitin or 0.6 mM GlcNAc 2 . They were grown to mid-log phase at 30 C under static conditions for [16] [17] [18] [19] [20] [21] [22] [23] [24] where v is the initial volume of the culture and t is the total time of the reaction.
Generation of growth curve
Log phase cultures of WT V. cholerae C6706 (WT) and its deletion mutants DchiS, DchiA1, DchiA2 and DchiA1DchiA2 were harvested by centrifugation and washed three times in PBS. The cell number was adjusted to 1Â10 5 c.f.u. ml À1 and inoculated in DASW media supplemented with 0.5 % sodium lactate as the only carbon source. DASW media was also individually supplemented with 0.8 % chitin flakes or with 0.6 mM GlcNAc 2 (sigma) as the only carbon source. The cultures were maintained at 30 C under constant shaking at 150 r.p.m. for 48 h [27] . For the analysis of viable counts, cultures were vortexed to detach any bound bacteria and diluted, and viable bacteria were plated on LB agar plates supplemented with streptomycin.
Chitin colonization assay
The chitin colonization assay was analysed by following a modified procedure from a previously mentioned protocol [28] . All strains of V. cholerae C6706 were grown overnight and log phase cultures at a dilution of 1Â10 5 c.f.u. ml À1 were mixed with prewashed chitin beads at a ratio of 1.1. The samples were kept at 30 C under static conditions for 18 h. The bacteria were passed through an 8 µm membrane filter (HiMedia) to wash out unbound bacteria. Chitin beads were resuspended in PBS and vortexed to harvest bound bacteria and then serially diluted to plate on LB agar plates containing streptomycin.
For qualitative analysis of bacterial colonization, all strains of V. cholerae were GFP-tagged following a previously mentioned protocol [28] . In short, chitin beads were inoculated with GFP-tagged bacteria for 18 h at 30 C under static conditions. The chitin beads were mounted on glass slides and visualized under a confocal microscope (LSM 710 Axio Observer, Carl Zeiss) to show the GFP-labelled bacteria bound to the surface of the chitin beads.
Statistical analysis
All of the experiments were analysed by Student's t-test. Each of the experiments was performed in triplicate and the results are represented as mean±SEM. A P value of <0.05 was considered statistically significant.
RESULTS
ChiS-dependent b-hexosaminidase activity is enhanced in presence of chitin We first measured ChiS-dependent b-hexosaminidase activity. Since b-hexosaminidase is directly controlled by ChiS, measuring its activity shows that the ChiS is activated [2] . So, we first measured the b-hexosaminidase activity of the WT and an isogenic mutant of chiS (DchiS) grown in sodium lactate-supplemented DASW media containing either chitin or GlcNAc 2 . We found that the b-hexosaminidase activity increased in the presence of chitin in the WT strain, with an activity of 145 nmoles min À1 mg À1 compared to 16.4 nmoles min À1 mg À1 in the case of DchiS. This shows that the b-hexosaminidase activity in DchiS has been reduced by ninefold compared to that in the WT (Fig. 1a) . We also found that in the presence of 0.6 mM GlcNAc 2 , the b-hexosaminidase activity of the WT strain was 149. 3 , respectively. Therefore, the DchiA1, DchiA2 and DchiA1DchiA2 strains showed 2.2, 4.6-and 4.3-fold reductions, respectively, compared to the WT strain in the presence of chitin. However, all of these mutant strains (DchiA1, DchiA2 and DchiA1DchiA2) showed ChiS-dependent b-hexosaminidase activity that was almost similar to that of the WT in the presence of GlcNAc 2 when it was added exogenously (Fig. 1b) . When DASW media were supplemented solely with sodium lactate and did not contain chitin or GlcNAc 2 , negligible b-hexosaminidase activity was found in all the strains. This shows that chitin Fig. 1 . Activation of ChiS is promoted in the presence of chitin. Bacteria were grown in DASW media supplemented with 0.8 % coarse chitin or 0.6 mM GlcNAc 2 , with 0.5 % sodium lactate being added to each medium to obtain similar bacterial growth. Log phase cultures were taken to measure the total hexosaminidase (ChiS-regulated periplasmic enzyme) activity in (a) the WT (V. cholerae C6706) and DchiS (isogenic ChiS mutant) strains, and (b) the DchiA1 (isogenic chiA1 mutant), DchiA2 (isogenic chiA2 mutant) and DchiA1DchiA2 activates the chitin utilization pathway by inducing ChiS. It was the GlcNAc 2 residues released from chitin following hydrolysis by the chitinases ChiA1 and ChiA2 that initiated the ChiS activation.
We also measured the ChiS mRNA levels by qPCR in the different media mentioned above. We found similar mRNA expression in the cases of the WT and the DchiA1, DchiA2 and DchiA1DchiA2 mutant strains, respectively (Fig. 1c) . This shows that there is no change in ChiS expression level, while it is only activated in the presence of GlcNAc 2 which results in the upregulation of ChiS-controlled downstream genes.
ChiS promotes T6SS in V. cholerae
We next investigated the effect of ChiS, ChiA1 and ChiA2 on T6SS. The DchiS strain showed significant downregulation of vasH, vasD, vasK, vipA, vipB genes compared to the WT strain in the presence of chitin (P<0.05) (Fig. 2a) . This supported our hypothesis that ChiS controls the expression of T6SS genes. The T6SS genes (vasH, vasD, vasK, vipA and vipB) were also downregulated in DchiA1, DchiA2 and DchiA1DchiA2 mutants compared to the WT levels (P<0.05) in the presence of chitin. However, the expression levels reverted back to levels that were close to those of the WT in the presence of GlcNAc 2 (Fig. 2b) . This indicated that ChiSinduced expression of T6SS genes was initiated by GlcNAc 2 when released by chitinases from chitin.
We also explored the effect of bacterial killing of E. coli DH5a (prey) by T6SS in all the strains of V. cholerae (predator). We found that in the presence of chitin in sodium lactate-supplemented DASW media, the mutants led to increased survival of the prey bacteria compared to the WT V. cholerae. The number of prey bacteria that survived was 3.5Â10 7 , 3Â10 6 , 1Â10 7 and 1.36Â10 7 c.f.u. ml À1 for DchiS, DchiA1, DchiA2 and DchiA1DchiA2-treated prey bacteria, respectively. The number of prey bacteria Fig. 2 . ChiS contributes in T6SS in V. cholerae. Bacteria were grown in DASW media supplemented with 0.8 % coarse chitin or 0.6 mM GlcNAc 2 , with 0.5% sodium lactate being added to each medium to obtain similar bacterial growth. Log-phase cultures were taken from DASW media individually supplemented with (a) coarse chitin or (b) GlcNAc 2 , with total RNA being isolated and T6SS gene expression being measured by qRT-PCR. (c) E. coli killing assay: log-phase cultures of the prey bacteria, i.e. the E. coli DH5a strain with the ampicillin-resistant plasmid pBR322 grown in the presence of ampicillin (100 µg ml À1 ), were mixed with all the indicated V. cholerae strains at a ratio of 1 : 10, with 30 µl being spotted on an LB plate and then incubated statically at 30 C for 10 h. All the indicated V. cholerae strains were pregrown to log phase in (&) sodium lactate+coarse chitin or (&) sodium lactate+GlcNAc 2 -supplemented DASW media. Bacterial samples were harvested from the spots and plated on LB agar plates containing 100 µg ml À1 ampicillin to enumerate the surviving E. coli prey cells. Each of the experiments was repeated three times (n=3). All the data are expressed as means ±SEM. *, P<0.05.
that survived in the presence of the WT was 1.2Â10 5 c.f.u. ml
À1
. Therefore, the survival of the prey increased by 270-, 25-, 83-and 113-fold in the case of DchiS, DchiA1, DchiA2 and DchiA1DchiA2, respectively, compared to prey survival when mixed with the WT strain. We also found that in the presence of GlcNAc 2 the effect of DchiA1, DchiA2 and DchiA1DchiA2 mutants on prey survival was nullified (Fig. 2c) . This showed that chitinases have their own role in initiating ChiS activation, which is important for T6SS-mediated bacterial killing. The prey bacteria showed normal growth in the absence of any predator bacteria. Moreover, when mixed with DtfoX, the prey bacteria showed significantly higher survival, which is in agreement with previous studies that reported that tfoX positively controls T6SS [14] . Therefore, ChiS is the regulator that induced T6SS via the tfoX-dependent pathway of V. cholerae (predator), which led to a lower number of surviving E. coli prey bacteria in the presence of chitin-based media.
ChiS promotes T6SS-induced natural transformation in V. cholerae We showed that T6SS is regulated by ChiS. Next, we examined the role of ChiS, ChiA1 and ChiA2 in T6SS-induced natural transformation. The DchiS strain showed 10.1-, 7.6-and 6.2-fold downregulation of natural competence genes, i.e. tfoX, pilA and comEA, respectively, compared to the WT strain in the presence of chitin (Fig. 3a) . This showed that ChiS also controlled T6SS-induced natural transformation in V. cholerae. We also found downregulation of natural competence genes (tfoX, pilA and comEA) in the case of DchiA1, DchiA2 and DchiA1DchiA2 mutants. However, this downregulation of the natural competence genes reverted back to WT expression levels in the case of the mutants in the presence of GlcNAc 2 (Fig. 3b) . Earlier studies have shown the effects of ChiS on natural transformation and on the transcription of pilA [5] . Here we have shown the effects of ChiA1 and ChiA2 on the expression of natural competence genes, which had not been covered previously. Therefore, taken together, our results suggest that the chitinases initiated ChiS-dependent upregulation of T6SS-induced natural competence.
We further estimated the naturally transformed bacterial count of V. cholerae and also measured the transformation frequency. The number of naturally transformed bacteria in the case of the WT, DchiS, DchiA1, DchiA2 and , respectively. Therefore, DchiS, DchiA1, DchiA2 and DchiA1DchiA2 showed 17-, 2-, 3.5-and 4.8-fold less T6SS-induced natural transformation from ChiS compared to the WT. This indicated that ChiS regulated T6SS and therefore affected T6SS-induced natural transformation in V. cholerae. In addition to this, we also found that in the presence of GlcNAc 2 the effect of DchiA1, DchiA2 and DchiA1DchiA2 mutants on natural transformation was nullified (Fig. 3c, d) . Therefore, this showed that chitinases are also important for T6SS-induced bacterial horizontal gene transfer.
When we further investigated the transformation mechanism by monitoring natural transformation in the presence of DNAse, we found that both direct plasmid transfer by natural competence and T6SS-induced natural transformation were severely affected compared to the plasmid transfer in the absence of DNAse in the culture medium (Fig. 3e, f) . In both of the above cases, we used the V. cholerae El Tor strain N16961 as a negative control. Plasmid purification and PCR from the mixed culture samples also confirmed that it is the plasmid pBR322 that is released from the prey after T6SS-induced killing by V. cholerae, and this is taken up by the WT V. cholerae itself due to T6SS-induced natural transformation (Fig. 3g, h) . Therefore, this indicates that in the presence of chitin, ChiS activation gives rise to upregulation of T6SS and T6SS-induced natural transformation.
Expression of the competence regulators tfoX and tfoR in V. cholerae requires activation of ChiS Here, we investigated the effect of ChiS, ChiA1 and ChiA2 on the activity of the tfoX and tfoR promoters by b-galactosidase activity assay. We found that the mutants, i.e. DchiS, DchiA1, DchiA2 and DchiA1DchiA2, showed lower transcriptional activity, i.e. 134, 746, 175 and 193 Miller units, respectively, in the case of tfoX as compared to the tfoX promoter activity of 1576 Miller units in the WT in the presence of chitin (Fig. 4a) . Therefore, DchiS, DchiA1, DchiA2 and DchiA1DchiA2 showed 11.7-, 2.1-, 9-, 8.1-fold lower activity of the tfoX promoter.
The transcriptional activity of tfoR was also lowered, with an activity of 44, 191, 71 and 76 Miller units for DchiS, DchiA1, DchiA2 and DchiA1DchiA2, respectively, compared to the WT, which showed an activity of 418 Miller units in the presence of chitin (Fig. 4b) . The effect of the DchiA1, DchiA2 and DchiA1DchiA2 strains on the transcriptional activity of tfoX and tfoR was restored to normal levels (i.e. comparable to those of the WT strain) in the presence of GlcNAc 2 in DASW media. The transcriptional activity of both tfoX and tfoR was insignificant in the absence of chitin or GlcNAc 2 in DASW media supplemented solely with sodium lactate. Therefore, these data indicated that ChiA1 and ChiA2 were only required for GlcNAc 2 generation from chitin, which activated ChiS, which further promoted the expression of tfoX and tfoR. The downregulation of tfoR due to chiS deletion has been already shown by Yamamoto et al. in 2014 [5] , but the effect of chitinases ChiA1 and ChiA2 on tfoR was not known previously.
V. cholerae growth on chitin requires ChiS induction
Chitin utilization is an important phenomenon that helped V. cholerae to feed on the chitinous exoskeleton of crustaceans in the aquatic region. Here, we used all of the aforementioned mutants in a growth curve analysis in which chitin was present or absent as a sole carbon source in DASW media. We observed a drastic reduction in growth for each of these mutants compared to the WT. The growth rate of the WT, DchiS, DchiA1, DchiA2 (Fig. 5a) . Therefore, the mutants DchiS, DchiA1, DchiA2 and DchiA1DchiA2 showed a 473-, 9-, 90-and 600-fold lower growth rate compared to the WT strain. However, the growth pattern of all the strains showed a similar pattern in sodium lactate-containing DASW medium (Fig. 5b) . On the addition of 0.6 mM GlcNAc 2 instead of chitin in the growth medium, with the exception of DchiS, all of the mutants, i.e. DchiA1, DchiA2 and DchiA1DchiA2, followed the WT growth rate (Fig. 5c) . Therefore, it was clearly evidenced that the chitinases initially release GlcNAc 2 residues from chitin, which activate ChiS to induce growth on chitin.
V. cholerae colonization on chitin requires ChiS Next, we investigated the colonization of V. cholerae WT, DchiS, DchiA1, DchiA2 and DchiA1DchiA2 strains on chitin. We performed a qualitative analysis by visualizing bacterial colonization under a confocal microscope, and the mutants were considerably reduced in chitin colonization compared to the WT strain (Fig. 6a) . We also performed a quantitative assay and found bacterial colonization to be 41Â10 7 (Fig. 6b) . Hence, the results were in agreement with those of the qualitative assay. This indicates that ChiS, ChiA1 and ChiA2 are individually important for colonization on chitinous surfaces. Therefore, ChiS, in addition to chitinases individually, promotes chitin colonization.
DISCUSSION
In this study, we explore the role of ChiS, a member of the two-component system (TCS) in T6SS function. Here, we report that under ChiS-inactivated conditions, the T6SS genes in V. cholerae are downregulated. This also results in functional disruption of T6SS. ChiS is activated in the presence of GlcNAc 2. These GlcNAc 2 residues are released from chitin by chitinases. Therefore, chitinases are also important in upregulating T6SS. In each of the experiments performed, we have used chitinase mutants along with a ChiS mutant to show that ChiS activation by chitinases is also involved in inducing T6SS in V. cholerae. Activation of ChiS in the presence of GlcNAc 2 had already been discussed [5, 24] , but direct evidence for the effect of V. cholerae chitinases on ChiS activation and their link with T6SS induction in the presence of chitin had not yet been shown. The role of two-component sensor kinases in T6SS was studied earlier in Pseudomonas aeruginosa, where TCS-like RetS/LadS reciprocally regulates the expression of T6SS genes [29, 30] . In fact, T6SS is also found to be regulated by a TCS pmrA-pmrB in an enteric pathogen, i.e. Salmonella typhi [31] . The aforementioned effect of ChiS on T6SS can be explained by the fact that chitin sensing by ChiS induces TfoX, which results in T6SS upregulation. T6SS in C6706 and in some other V. cholerae strains is known to be part of the natural competence regulon and is induced via TfoX [6, 14] . However recent reports indicated that T6SS induction also occurs independently of chitin [32, 33] . Downregulation of natural competence genes such as the tfoX and PilA genes in the DchiS strain was shown earlier [5] . However, we have shown that DchiS also has the same effect on another natural competence gene, comEA, along with the tfoX and PilA genes. We also showed reduced expression of the natural competence genes under ChiS-inactivated conditions in chitinase-deleted mutants. We also found that inactive ChiS leads to reduced T6SS-mediated natural transformation in V. cholerae. Hence, we might conclude that when the GlcNAc 2 residues of chitin activate ChiS, it upregulates natural competence, upon which T6SS is also induced. Thereafter, V. cholerae uses the T6SS device to cause the lysis of non-immune bacteria present in its vicinity, which results in the release of their DNA. This DNA is then taken up by the well-known machinery of natural competence in V. cholerae, leading to horizontal gene transfer. We have represented our findings through a schematic diagram (Fig. 7) . Therefore, on the one hand, V. cholerae uses T6SS to kill other non-immune bacteria, while on the other hand, it helps to acquire their DNA, as shown earlier [14] . T6SS has also been found to show antibacterial activity in S. typhimurium that kills gut microflora and establishes infection [34] .
ChiS leads to the upregulation of tfoR transcription, which promotes tfoX translation [7] . In this context, we show that it is the GlcNAc 2 residues that are released by the chitinases from chitin that activate ChiS, and this ChiS activation results in the upregulation of the T6SS via the activation of natural competence regulators, i.e. tfoR and tfoX. Therefore, this suggests that chitinases are also important for T6SS in V. cholerae. Chitin-induced natural transformation had been studied earlier in other Vibrio species, including V. vulnificus [35] . One research group found that chitininduced natural transformation in Vibrio fischeri requires tfoX and tfoY [36] .
Here we also demonstrated that ChiS inactivation leads to reduced growth and colonization in V. cholerae. This is due to the downregulation of tfoX because of ChiS-inactivated conditions, as shown previously [5] . TfoX induces the chitoporin ChiP chitin oligosaccharide uptake, as well as the chitinases [6] . This helps in chitin utilization and growth of the organism. In 2003, Uchiyama et al. reported that in Serratia marcescens the expression of chitinases and chitin-binding proteins, which are essential for nutrient supply to the bacteria via the chitin degradation pathway in the aquatic environment, is induced by GlcNAc 2 [37] . However, its effect on T6SS in S. marcescens is not yet known. We speculate that V. cholerae colonization on the chitinous surface increases its access to chitin, enhancing the probability of chitin degradation and growth. This growth on chitinous surface induces natural competence as well as T6SS. This facilitates the chance of T6SS-dependent bacterial killing and horizontal gene transfer. Therefore, colonization is important for chitin-induced T6SS upregulation in V. cholerae. Here, we show that this chitin surface colonization is dependent on active ChiS. Earlier reports have shown the complex circuit connecting colonization and natural competence in V. cholerae [28] .
Here, we provide a model of how T6SS operates in the aquatic region under nutrient-poor conditions. Under these conditions, V. cholerae uses ChiS to upregulate the chitin utilization programme for nutrient acquisition. We speculate that ChiS-activated T6SS might act as an antibacterial weapon to clear the niche of competing bacteria. A recent work showed such effects of T6SS in V. cholerae [38] . In Burkholderia thailandensis, a close relative of the human pathogen Burkholderia pseudomallei, T6SS plays an important role in inter-bacterial interaction and provides a fitness advantage in the polymicrobial community [39] . Similarly, T6SS-dependent killing of non-immune bacteria increases the probability of chitin degradation, which facilitates V. cholerae growth. Taken together, we have highlighted the importance of ChiS activation for V. cholerae's interbacterial competitiveness, with T6SS being used to promote its growth, survival and horizontal gene transfer under harsh environmental conditions, which may have implications for V. cholerae evolution.
